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T

Magnetic Forces

* We use the figure to illustrate a simple example.

J =uniformcurrent density

AA
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Magnetic Force on a Conductor

We use the expression, F ZJ JxBdv

Integrated over the volume of the conductor.

Nl =— J=—=
Ko wh  w,
X L 1s the length into the paper.
B=B,— dv=nhLdx
W
F|=[iBdv=[-—" B, hLdx
Wi, W
BohL % BohL w?  BZhL
=—— | xdx =— W
W Lt Wl 2 2p,

Force ‘E‘ _ B

repulsive pressure = =
Area hL 2y,
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Magnetic Force on a Pole

We use the expression, F = J"O -H dv
B

where the magnetic charge density pis given by, p = TO

The force is in the same direction as the H vector and is attractive.

H _5y dv=al.dy

Ho N
B, B, BZalL B’aL h? BfaL
‘F‘ J.pHdv I h zLdy— jy y_hg,uo > - 2oluo
e _|F|_ 82

attractive pressure =
Area Cal 2y0
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Pressure

The magnitudes of the repulsive pressure for the current and the attractive
pressure at the pole are identical. In general, the pressures parallel to the
field lines are attractive and the forces normal to the field lines are
repulsive. The pressure is proportional to the flux density squared.

B;

pressure =
214,
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Example

Let us perform a calculation for a flux density of 5 kG = 0.5T.

B? 52
pressure = 0 _ 0.5 = 09.472 Nevvtzons
2:”0 2x 47 %10 m
Newton

Ib,
— =14.43 —- = latmosphere

ressure =99.472
p @ 0.5T m in

US Particle Accelerator School — Grand Rapids, Ml —June 2012



Magnet Stored Energy

 The magnet stored energy is givenby; U = %J- HBdv

the volume integral of the product of H and B.

Consider a window frame dipole field (illustrated earlier) with uniform field in
the space between the coil. If we ignore the field in the coil and in the iron,

2

U = —> x magnetic volume
214,
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Magnet Inductance and Ramping Voltage

Inductance is given by, | = 2_L2J
I
verl+ LY _p A R
dt I Al |At
In fast ramped magnets, the resistive term is small.
2 B.h
V ~ 2V = 2 X B, xvolume | =—— volume=ahL
IAt 1At 24, N,
1 B? B, NaL
Substituting, V x Boh N X . x ahL = ¥

Nt
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Units and Designh Options

The units are,

_BoNaL _Tm® _Webers m® _Volt —sec
At sec m? sec sec

V =Volt

_ B,NaL
At

V

Given the field = B,, pole width = g, Magnet Length = L and ramp time, A t, the

only design option available for changing the voltage is the number of turns, N.
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Other Magnet Geometries

Normally, the stored energy in other magnets (ie. H dipoles, quadrupoles
and sextupoles) is not as easily computed. However, for more complex
geometries, two dimensional magnetostatic codes will compute the

stored energy per unit length of magnet.
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Fringe Fields and Effective Lengths

e Often, canonical rules of thumb are adopted in order to estimate
the effective length of magnets.

— Dipole fringe field length = 1 half gap at each end
— Quadrupole fringe field length = 1/2 pole radius at each end.
— Sextupole fringe field length = 1/3 pole radius at each end.
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Three Dimensional Fringe Fields

The shape of the three dimensional fringe field
contributes to the integrated multipole error of a
magnet.
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X

* Dipole Fringe Field I
— Typically, the fringe 2 typically longer in the

center foran "unchamtered”

field is longer at the pole end.
center of the magnet
and drops off near the
edges.

— This distribution is
approximately

guadratic and the ,
integrated multipole —I—uu—u
field looks like a B
sextupole field.

)

‘ >
aeofpole —sfa—] "= rercaHno
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Virtual Field Boundary

Magnet

virtual field boundary

1 tang
FX Jo,
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* The photograph shows a
removable insert with a
machined chamfer installed
on the SPEAR3 prototype
gradient magnet.

* The shape of the chamfer
depth was determined
empirically and was
approximately parabolic. It
was designed to reduce the
integrated sextupole field.

 The chamfer shape was
machined onto the end pack
of subsequently
manufactured production
magnets.
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Quadrupole 3-Dimensional Fringe Field

* The quadrupole “gap” 1s y
largest at its center. The A
gap decreases as the
distance from its center
(gl>g2>g3>g4>g5>g0).
Since the fringe field 1s
roughly proportional to the
magnet gap, it 1s longest Val

near the magnet pole center. 91 42
/

4
g3
[
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Quadrupole Chamfer

 The quadrupole pole
chamfer is a straight
angled cut, which
shortens the pole at its
center. The angle is cut
such that the pole is
longer near its edge.

e Again, this cut was
determined empirically
by trial an error,
minimizing the n=6
integrated multipole
error.
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Harmonics as function of the end
chamfer length
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ldeal end chamfer length as function
of quadrupole length
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Effective length as function of the end
chamfer length
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Multipoles as function of the coil
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Dynamic effects

vxE=-2  B-Boe"]
dt

0z  OX

OE,
OX

Ez =Iinodx = 1B X
J=ot
J, =0k, =1woB X

=1wB,
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Dynamic effects

|=§H.d|
|=j%d|+jﬂ%.d|:ie

B, stands for the magnetic
field due to the eddy currents

|1:tkf
0

W

Iizﬂdedy

iwoB, xdX = iwoB,t, %(Wz)

l,=0 j lwoB xdx =iwoB, g %(Wt—tkz)

Wt
. ol oB t wg t
Bezl luo 0k W2-|— g_kg
g 2 2
Bo(T) 0.145
frequency (Hz) 100
t,, (mm) 3 B. (x=0) (theoretical) 0.0129 (T)
. o Be (x=0) (FEMM) 0.0127 (T)
G (MS/m) 1.334
25
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Real-case example

P
o e e e B

B Ty e e e o T e e e e

& orf

e P e T B
e T
R

.
s
e e
e TSIy

S \‘i

»3.230e+000

3.060e-+100 : 3.230e+000
2.890e-+000 : 3.080e+000
2.720e+000 : 2.850e+000
2.580e+000 : 2.720e+000
2.380e+000 : 2.550e+000
2.210e+100 : 2.350e+000
2.040e-+100 : 2.210e+000
1.870e+000 : 2.040e+000
1.700e+000 : 1.670e+000
1.5630e+000 : 1.700e+000
1.360e+000 : 1.530e-+000
1.190e+000 : 1.360e-+000
71.020e+000 : 1.190e+000
§.499e-001 : 1.020e+000
6.799e-001 : 5.499e-001
5.100e-001 : 5.799e-001
3.400e-001 : 5.100e-001
1.700e-001 : 3.200e-001
<1.700e-001

Density Plot: |J_iml|, MAfm2
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Real-case example
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By(f)/By(0 Hz)

-m Real-case example
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Attenuation due to lamination on the

|

2

Yo

k* =—-iouc

=—tan(kd/2
> (kd/2)

material

Example

w1 =2200.u,

0=9.93 MS/m
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Real-case example summary

*3.230e+000
30606000 : 3.230¢+000
28506000 : 3.060e-+000
272084000 : 2890e+000
255084000 : 2.720e+000
23806000 : 2550e+000
2.210e+000 : 23680e-+000
204024000 : 22106000
157024000 : 2.040e+000
1.700e+000 : 16706000
1.530e+4000 © 1.700e+000
1.3602+4000 © 1530000
119024000 : 1.360e-4000
1.020e+000 : 1.190e-000
6.499e-001 : 1.020e+000
6.799-001 : 8499001
5.100e-001 : 6.799-001
3.400e-001 : 5.100e-001
1.700e-001 : 3.4008-001
<1.700e-001

Density Plot: |J_im|, MA/m'2
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Core
lamination
thickness

Vacuum
chamber
thickness

2 mm

3 mm

0.60

0.54

0.5 mm

0.67

0.40

0.36

1.0 mm

0.46

0.27

0.25
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Induced sextupolar field due to eddy

J, = oE, = oBx
- Bh
o
| =t 0oBx°
t. oB 2
B(X) = y,0 - —Xx
(X) = 4, -

currents

The sextupole strength (or moment) is defined by

t 1 0B

h pB ot

- 2;{ (2)6- xz)}mdx

F=1 when g<<w, and F=2 for a circular chamber

k, =2u,0F -

B(t) =B +(B. —B;) f ()

f(t)= (1 cos(at))
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Example — Alba booster dipole

P 11.4592 (m)
1 50 0.02 0.04 0.05 0.08 0.1 0.12 0.14 0.16 :
=7 ) I !
TR 4710 (H/m) ramping function
c 1.344 (MS/m) 10
Freg. 3 Hz
q (Hz) 1 f/
B, 0.029 (M 1
B, 0.873 (T)
o7
0.8 /
/ —Hoe
—%C1 - 1.0 mm
VC1 & —%0C1 -0.7 mm i
% 0~ i~ .. Ve 10mm | |05
--------- WC2-0.7 mm
—0.4
0.4
o3
VC2
—0.2
0.z
—a.1
F a 0
vCl 1.5739 0 002 0.04 0.8 .0 o
VC2 1.2141 1
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Summary

This chapter showed a collection of “loose-ends” calculations:

* Magnetic Forces

e Stored Energy and Inductance
* Fringe Fields

* End Chamfering

e Eddy Currents

Those effects have an impact in the magnet design but also need to be

taken into consideration into the magnet fabrication, power supply
design, vacuum chamber design and beam optics.
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Next...

Magnetic measurements
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